Lysine (K)-specific demethylase 1A (LSD1/KDM1A) has been identified as a potential therapeutic target in solid cancers and more recently in acute myeloid leukemia. However, the potential side effects of a LSD1-inhibitory therapy remain elusive. Here, we show, with a newly established conditional in vivo knockdown model, that LSD1 represents a central regulator of hematopoietic stem and progenitor cells. LSD1 knockdown (LSD1-kd) expanded progenitor numbers by enhancing their proliferative behavior. LSD1-kd led to an extensive expansion of granulomonocytic, erythroid and megakaryocytic progenitors. In contrast, terminal granulopoiesis, erythropoiesis and platelet production were severely inhibited. The only exception was monopoiesis, which was promoted by LSD1 deficiency. Importantly, we showed that peripheral blood granulocytopenia, monocytosis, anemia and thrombocytopenia were reversible after LSD1-kd termination. Extramedullary splenic hematopoiesis contributed to the phenotypic reversion, and progenitor populations remained expanded. LSD1-kd was associated with the upregulation of key hematopoietic genes, including Gfi1b, Hoxa9 and Meis1, which are known regulators of the HSC/progenitor compartment. We also demonstrated that LSD1-kd abrogated Gfi1b-negative autoregulation by crossing LSD1-kd with Gfi1b:GFP mice. Taken together, our findings distinguish LSD1 as a critical regulator of hematopoiesis and point to severe, but reversible, side effects of a LSD1-targeted therapy.
INTRODUCTION
Hematopoiesis is a tightly regulated process responsible for the production of mature blood cells. Covalent histone modifications including methylation and acetylation have been shown to have a central role in controlling hematopoiesis. Enzymes with opposing activities dynamically regulate histone modifications. Examples for opposing enzymes are the mixed-lineage leukemia group histone SET-domain methyl transferases and the JARID1 group and LSD1 histone demethylases, which specifically modify histone H3 Lysine 4 (H3K4). 1 LSD1, the first histone demethylase to be identified, 2 is essential for normal embryonic development 3 and for regulating ES cell self-renewal versus differentiation. 4, 5 To our knowledge, the role of LSD1 in adult stem cell maintenance has not yet been addressed. LSD1 specifically demethylates di-and mono-methylated histone H3K4 or H3K9 residues resulting in context-dependent transcriptional repression or activation, respectively. 2, 6, 7 The methylation status of the H3K4 and H3K27 residues, composing a so-called bivalent domain, in hematopoietic stem and progenitor cells was shown to be capable of restraining lineage-specific gene expression, while exposing the locus to rapid induction. [8] [9] [10] Recent in vitro studies have demonstrated that the LSD1 H3K4 demethylating activity is directed to specific genes by the key hematopoietic transcription factors, SCL (also called Tal-1) and Gfi1b. Moreover, in vitro knockdown of LSD1 disturbed hematopoietic differentiation of several cell lines. 11, 12 We and others have previously demonstrated LSD1 involvement in cancer. High LSD1 expression in primary neuroblastomas was associated with an aggressive clinical course, and pharmacological LSD1 inhibition resulted in reduced neuroblastoma growth in a xenograft model. 13 High LSD1 expression has also been reported for early relapsed prostate cancer, estrogen receptornegative breast cancer and malignant sarcomas. 6, [14] [15] [16] Strikingly, two recent studies report a central role of LSD1 in acute myeloid leukemia (AML). 17, 18 These data identify LSD1 as a promising target for anticancer therapy. A prerequisite to further develop a LSD1-inhibitory therapy is to determine potential side effects.
To understand the in vivo role of LSD1 in adult hematopoiesis and its potential function in malignancies, we developed a conditional LSD1 knockdown mouse model (shLSD1) based on the combination of a TET-ON system with RNA interference technology. This technical approach is capable of facilitating in vivo doxycyline-dependent loss-of-function. [19] [20] [21] Here, we used this newly established model to investigate the impact of LSD1-kd on adult hematopoiesis.
METHODS Mice
The transgenic shLSD1 mouse model was generated as outlined in Figure 1a (TaconicArtemis, Cologne, Germany). Genotyping details are specified in the Supplementary Methods. To achieve LSD1-kd in vivo, 8 mg doxycycline (dox, Doxycyclin-Ratiopharm, ratiopharm, Ulm, Germany) or 0.9% NaCl solution (Braun, Melsungen, Germany) as a control were administered to shLSD1 mice (7-13 weeks old) by daily orogastric gavage. Gfi1b:GFP mice were crossed to shLSD1 mice and genotyped as previously described. 22 Mouse experiments were carried out in accordance with the German Animal Welfare Act and approved by the local animal ethics committees.
Additional methods are specified in the Supplementary Information section.
RESULTS
The shLSD1 mouse model facilitates conditional LSD1 knockdown in vivo To generate a model that allows conditional LSD1 loss-of-function studies in vivo, four different TET-ON LSD1 short hairpin RNA (shLSD1) expression constructs encompassing different short hairpinRNAs against LSD1 were generated. These constructs were targeted into a pre-engineered Rosa26 locus within ES cells by recombinase-mediated cassette exchange technology 21 ( Figure 1a) . Targeted ES-cell clones and mice were genotyped using Southern blotting (data not shown), Rosa26 knock-in PCR 23 or shLSD1-specific PCR genotyping (Figure 1b ). In the absence of dox, the transcription of LSD1-specific shRNA (shLSD1) in the construct is blocked by the tet repressor. Dox exposure removes the tet repressor from the tet-operator sequences allowing shLSD1 expression (Figure 1c) . ES cell clones with the different shLSD1 constructs were treated with dox in vitro. The clone with shLSD1 construct 2 was most efficienct at LSD1 messenger RNA (mRNA) knockdown (Figure 1d ). This clone was used to generate shLSD1 knockdown mice. From the offspring, one male mouse with shLSD1 germ-line transmission was used to establish a colony. Compared with control treatment, Dox treatment significantly decreased LSD1 mRNA expression in hematopoietic organs ( Figure 1e ) and LSD1 protein expression in the hematopoietic organs, brain, heart and liver (Figure 1f ), confirming in vivo inducible LSD1-kd activity.
LSD1 knockdown results in expansion of hematopoietic stem and progenitor cells To understand LSD1 histone demethylase functionality in bone marrow HSC and progenitor regulation, we analyzed the HSC compartment of dox-treated shLSD1 mice compared with controls by flow cytometry (Figure 2a) . Strikingly, LSD1-kd for 4 weeks caused extensive expansion of progenitors and HSCs, and this expansion was most pronounced in the most immature LSK CD48 À CD150 þ compartment (Figures 2b and c) . However, the LSD1-kd progenitor expansion was not associated with a significant increase of marrow cellularity (
7 per tibiae and femora, P ¼ 0.22). To assess whether expanded LSD1-kd progenitors and HSCs are mobilized, we analyzed peripheral blood for the presence of c-kit þ lineage À Sca-1 À progenitor and LSK HSC cells (Figure 2d ). Circulating progenitors and LSK HSCs were increased by more than 100-fold and 250-fold in LSD1-kd blood, respectively (Figure 2e ). In contrast to this dramatic rise of blood HSCs and progenitors, white blood cells were only slightly increased ( À dox, 5.4 ± 1.3/ml; þ dox, 12.3 ± 3.0/ml; P ¼ 0.01) in LSD1-kd blood. The most likely cause of HSC expansion was altered proliferative behavior. Thus, ki67 and Hoechst staining were used to assign cells to G 0 , G 1 or S/G 2 /M cell cycle phases 24, 25 (Primers P1, P2 (P3 not shown, binding Rosa26 wild-type allele)) and specific shLSD1 (P4, P5) genotyping PCR protocols. (c) Schematic drawing of the TET-ON system used to induce the LSD1-specific shRNA in vivo.
(d) In vitro knockdown efficiency (after 1 mg/ml dox for 72 h) of the four different shLSD1 constructs targeted into ES cells. Residual LSD1 mRNA expression was analyzed by real-time PCR, and the ES clone with the highest knockdown efficiency (shLSD1 2) was used to generate shLSD1 mice. (e) In vivo hematopoietic LSD1-kd was achieved in bone marrow, thymus and spleen by daily orogastric dox application (8 mg, n ¼ 4 mice) compared with control (0.9% NaCl solution, n ¼ 4 mice) for 9 days. (f ) Dox-induced knockdown of LSD1 protein expression in tissues after 9 days of dox ( þ dox) or control ( À dox) treatment of shLSD1 mice was assessed by western blotting. b-actin was used as a loading control. *Po0.05; **Po0.01.
HSC-fraction contains the majority of the stem cell activity. 24 To capture the early impact of LSD1-kd on HSC cycling, we treated mice for 9 days with dox. Even this relatively short LSD1-kd induced a 2-to 5-fold expansion of HSC/progenitor cells (data not shown). As expected, the more immature the cell population, the larger the proportion of quiescent cells (% G 0 cells À CD150 þ cells in G 0 , following LSD1-kd was determined to resolve whether the relative decrease in the G 0 fraction was genuinely associated with a loss of quiescent HSCs. Intriguingly, the absolute number of marrow LSK CD48 À
CD150
þ cells in G 0 was unaffected by LSD1-kd, but the number of LSK CD48
À CD150 þ cells in G 1 was remarkably increased (Figure 2h ).
To elucidate how LSD1 deficiency mediates the expansion of more mature HSCs and hematopoietic progenitors, we analyzed expression of important regulatory genes in the bone marrow after 9 days of LSD1-kd. LSD1 has been previously shown to mediate the repressor activity of the Gfi1 and Gfi1b transcription factors in cell lines, and especially Gfi1b autoregulation.
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Consistent with these in vitro findings, we observed more than a 4-fold de-repression of Gfi1b in dox-treated shLSD1 mice (Figure 2i ). Gfi1 restricts progenitor expansion via HoxA9 and Meis1 gene repression, 28 which is likely mediated by LSD1 since LSD1-kd upregulated HoxA9 and Meis1 (Figure 2i ). The downregulation of CXCR4 (Figure 2i ) that we observed could explain the diminished bone marrow retention of LSD1-kd progenitors and HSCs. 29 Taken together, in vivo LSD1-kd results in the expansion and mobilization of hematopoetic progenitors and stem cells in association with the upregulation of central hematopoietic regulatory genes. Despite the dramatic increase of more mature HSC and progenitor cell numbers, the size of the dormant HSC pool remained unaffected by LSD1 depletion.
LSD1 knockdown enhances monopoiesis while perturbing terminal granulopoiesis Cytospin preparations of bone marrow from LSD1-kd mice were analyzed to study progenitor cell alterations after knockdown. As expected, LSD1-kd bone marrow contained a high proportion of blast-like cells. Strikingly, maturing granulocytes with banded or segmented nuclei were completely absent ( Figure 3a) . This prompted us to analyze LSD1-kd granulomonopoiesis in more detail. Quantification of granulomonocytic progenitors (GMPs) using high-resolution cytometry 30 (Supplementary Figure S1 ) revealed that LSD1-kd increased GMPs by twofold above controls. We assessed myeloid progenitors, which when committed to the monocytic/dendritic cell lineage (MDP) express the M-CSF receptor (CD115). 31 MDPs were increased threefold in LSD1-kd marrow ( Figure 3b ). We also assessed non-lymphoid/-erythroid terminal granulocytes (CD11b þ Ly6G þ ) and monocytes (CD11b Figure 3c ). We confirmed the morphological finding from bone marrow cytospins that LSD1-kd almost completely disrupted granulopoiesis in the bone marrow ( Figure 3c ). Both mature CD11b þ Ly6G high granulocytes and immature CD11b þ Ly6G intm granulocytic cells were significantly reduced in LSD1-kd bone marrow (Figures 3c and d) . In contrast, CD11b þ Ly6G À CD115 þ monocytic cells were expanded by more than sixfold in LSD1-kd marrow ( Figure 3d ). As expected, LSD1-kd blood smears (Supplementary Figure S2) and flow cytometric analyses ( Figure 3e ) revealed monocytic cells as the predominating mature myeloid blood cell type. Additionally, abnormal leukocytes in LSD1-kd blood smears frequently exhibited bilobular, pelgroid and pleomorphic nuclei (Supplementary Figure S2) . The depletion of CD11b þ Ly6G high granulocytes in the blood did not seem to be as prominent as that observed in bone marrow, and the number of immature CD11b þ Ly6G intm granulocytes was elevated in LSD1-kd blood, suggesting premature exit from the bone marrow or extramedullary granulopoiesis (Figures 3e and f) . We also assessed LSD1-kd bone marrow cells ex vivo in myeloid colony-formation assays, and observed a decreased granulocytic and enhanced monocytic contribution to myeloid colony formation (Supplementary Figure S3) . In line with the almost complete depletion of granulocytic cells in LSD1-kd bone marrow, LSD1-kd also significantly downregulated the expression of genes preferentially expressed in granulocytes (Figure 3g ). Taken together, the data demonstrate that LSD1 is required for terminal granulopoiesis and that LSD1 has an important role in the granulocytic versus monocytic lineage decision.
Expanded early and inhibited terminal erythropoiesis in LSD1 knockdown mice As the hematopoietic regulators, SCL and Gfi1b, are known to interact with LSD1 in vitro and perform essential regulatory functions in erythropoiesis, 27, 32 we analyzed erythropoiesis in shLSD1 mice in more detail. We examined nine sequential stages of erythropoiesis using a combination of previously established markers (Supplementary Figure S4A) . The PreMegE (1), PreCFU-E (erythroid colony-forming unit progenitors) (2) and CFU-E (3) early erythroid progenitors were studied according to the strategy described by the Bryder group 30 (Supplementary Figure S1 ). To achieve high resolution in separating stages (4) through (9) of terminal erythropoiesis, we assessed c-kit 33 and CD44 34 markers along side the widely used combination of CD71 and Ter119. 35 We used the membrane-permeant SYTO16 nucleic acid dye to assess enucleation 36 (Supplementary Figure S4A ). LSD1-kd caused an expansion of PreMegE (1), PreCFU-E (2) and, most strikingly, phenotypic CFU-E (3) progenitors (Figures 4a and b ). This erythroid expansion was sustained at the proerythroblast stages of ProE (4-5); however, subsequent marrow erythroid precursor stages (6-7) were relatively underrepresented ( Figure 4c ). We derived fold-change data to compare successive terminal erythroid developmental stages. ProE cells, both positive and negative for c-kit expression, were expanded in the bone marrow from LSD1-kd mice, while basophilic, polychromatic and orthochromatic erythroblast numbers were unaltered (Figure 4d ). In contrast, the numbers of Ter119
bone marrow reticulocytes and blood erythrocytes were significantly reduced in LSD1-kd mice (Figure 4d ). These data suggested expansion of early erythroblasts in an effort to compensate for deficient terminal erythropoiesis between the basophilic (6) to orthochromatic (8) stages. Splenic stress erythropoiesis was implied by the splenomegaly observed in LSD1-kd mice (Figure 4e ). In fact, splenic erythropoiesis was dramatically augmented. Mirroring our results from LSD1-kd bone marrow, enhancement of erythropoiesis in the spleen declined after the c-kit þ ProE stage was reached (Figure 4d ). Even short-term LSD1-kd (9 days) produced similar results, though not as profoundly (Supplementary Figure S4B) . Insufficient terminal erythropoiesis was further underscored by the presence of circulating nucleated erythroblasts in LSD1-kd peripheral blood, possibly due to deficient enucleation (Figure 4f ). Finally, CFU-E colony formation was diminished, reflecting deficient erythropoiesis in vivo (Supplementary Figure S5) .
We next addressed the possible mechanism behind defective erythropoiesis after LSD1-kd. A drop in cellular Ter119 expression was observed in addition to suppressed erythroid development in the bone marrow of LSD1-kd mice (Figure 4g ). Interestingly, lower Ter119 expression is a feature of SCL-deficient erythropoiesis, 37 suggesting cooperation between SCL and LSD1 in regulating Ter119. Even more prominent was the decrease of CD105/endoglin-expression on LSD1-kd CFU-E progenitor cells. Remarkably, LSD1 seems to be differentially involved in CD105 regulation, because CD105 expression remained unchanged in HSCs (Figures 4a and g ). One critical gene regulating survival of maturing erythroblasts is Bcl-x L . 38 Bcl-x L expression was significantly reduced in LSD1-kd bone marrow, providing a possible explanation for the decline in terminal erythropoiesis in LSD1-kd mice (Figure 4h ). Perturbed LSD1/KDM1A knockdown disrupts normal hematopoiesis A Sprü ssel et al erythropoiesis in the LSD1-kd bone marrow and spleen resulted anemia ( Figure 4i ). Next, we studied whether rapidly increasing serum erythropoietin levels could be responsible for the CFU-E and ProE expansion observed after short-term (9 days) dox-treatment of shLSD1 mice. Indeed, we measured a sevenfold increase in the serum erythropoietin in LSD1-depleted mice (Figure 4j ). In summary, LSD1-kd resulted in anemia caused by perturbed terminal erythropoiesis, and expansion of early erythroid progenitors was at least in part erythropoietindriven. 
were defined in parallel in the same stain. (d) Quantification of the absolute myeloid cell numbers in bone marrow, demonstrating the simultaneous dramatic drop in terminally differentiated granulocytic cells while monocytic cells increased in LSD1-kd mice. (e) Representative analysis of monocytes and immature and mature granulocytes in peripheral blood from LSD1-kd mice. (f) Numbers of monocytic and immature granulocytic cells increased in the peripheral blood from LSD1-kd mice, while the number of circulating mature granulocytic cells declined. (g) Real-time PCR expression analysis of neutrophil elastase (Elane) and C/EBPa (Cebpa) (bone marrow, 9 days treatment, À dox, n ¼ 4 mice; þ dox, n ¼ 4 mice). *Po0.05; **Po0.01; ***Po0.001.
LSD1/KDM1A knockdown disrupts normal hematopoiesis A Sprü ssel et al LSD1 knockdown triggers dysmorphic megakaryocytes that produce insufficient numbers of large platelets Both erythropoietic and megakaryopoietic lineages originate from a bipotent progenitor population, which was assayed as PreMegE (Supplementary Figure S1) . Because LSD1-kd expanded this population (Figure 4b) , we further analyzed lineage-specific megakaryocytic progenitors (MkP, Supplementary Figure S1 ). Similar to the progenitors of the erythroid and granulomonocytic Figure  S4A) . Representative plots are shown. (d) Normalized cellularity data of dox treated shLSD1 mice in relation to control data (27 days treatment; À dox, n ¼ 5; þ dox, n ¼ 4). (e) Spleens of shLSD1-kd mice were enlarged compared with control mice after 27 days of treatment (weight, mean ± s.e.m., P ¼ 0.014; À dox, n ¼ 5; þ dox, n ¼ 4). Scale bar, 1 cm. (f ) Orthochromatic erythroblasts were detectable in peripheral blood smears from LSD1-kd mice after 27 days of dox treatment. Scale bar, 10 mm. (g) Downregulation of Ter119 (assessed as median fluorescence intensity) on LSD1-kd erythroblasts (bone marrow Ter119 þ cells). Downregulation of CD105 on bone marrow LSD1-kd phenotypic CFU-E cells in contrast to unaltered CD105 expression on LSK CD150
þ HSCs (CFU-E gating strategy as shown in Supplementary Figure S1 ; 27 days treatment; À dox, n ¼ 5; þ dox, n ¼ 4). (h) Decreased bone marrow expression of the Bcl-x L erythroid pro-survival factor (real-time PCR; shLSD1 mice; 9 days treatment, À dox, n ¼ 4; þ dox, n ¼ 4). (i) Peripheral blood erythroid parameters (27 days treatment, À dox, n ¼ 5; þ dox, n ¼ 4). (j) Erythropoetin serum levels (9 days treatment, À dox, n ¼ 8; þ dox, n ¼ 8). *Po0.05; **Po0.01; ***Po0.001.
lineages, MkPs were significantly expanded in LSD1-kd bone marrow (Figures 5a and b) . Strikingly, LSD1-kd increased the number of megakaryocytes in the bone marrow by more than sevenfold (Figures 5c and d) . Megakaryocytes from control bone marrow exhibited the expected morphological features under light microscopy, including a single, lobulated nucleus surrounded by broad cytoplasm. Contrastingly, megakaryocytes from LSD1-kd bone marrow displayed marginalized hyperlobulated nuclei with a reduced cytoplasmic volume that appeared more basophilic. Some of the LSD1-kd megakaryocytes contained nuclei whose lobes appeared completely separated from each other whereas the nuclear lobes of others appeared to be connected by thin bridges of nucleoplasm (Figure 5e ). Under electron microscopy, LSD1-kd megakaryocytes exhibited a dysmorphic demarcation system, a lack of a-granules, an accumulation of perinuclear mitochondria and nuclear protrusions resembling the nucleoplasm bridges observed in the cytospin preparations (Supplementary Figure S6) . LSD1-kd peripheral blood platelet counts dropped to 10% of controls and the mean LSD1-kd platelet volume rose (Figure 5f ). We compared serum levels of thrombopoietin, the central regulator of thrombopoiesis, in LSD1-kd and control mice. Serum thrombopoietin levels are primarily regulated by receptor-mediated catabolism. 39 Thrombopoietin serum levels were lower in LSD1-kd than in control mice (Figure 5g ). This may reflect an increase in c-mpl receptors associated with the dramatic expansion of the marrow megakaryocyte pool. Taken together, LSD1-kd expanded megakaryocytic progenitors, and developing megakaryocytes were dysmorphic and incapable of producing normal platelet numbers.
Reversion of LSD1 knockdown leads to the normalization of peripheral blood parameters LSD1 has been shown to contribute to the regulation of ES cell multipotency and differentiation by controlling the methylation status of H3K4. 4, 5 Similarly, the H3K4 methylation status of promoter regions was reported to regulate hematopoietic stem and progenitor multilineage potential and differentiation. [8] [9] [10] Thus, it is likely that LSD1-kd disturbs hematopoiesis by interfering with the tightly regulated H3K4 methylation status of genes critical for early events in hematopoietic stem and progenitor cell differentiation. Because H3K4 demethylation activity at these promoter regions should be reestablished upon reinstatement of LSD1 expression, we were interested whether normal hematopoiesis returns upon normalization of LSD1 levels. We longitudinally examined peripheral blood parameters in 8 shLSD1 mice before and after 20 days of dox treatment and for 39 days following cessation of treatment. A blood cell count and one flow cytometric stain allowed the parallel quantification of HSCs, progenitors, monocytic cells and granulocytes. As expected, LSD1-kd resulted in mobilization of stem and progenitor cells in the peripheral blood. Interestingly, one week after cessation of dox treatment, blood progenitor levels had dropped but HSC levels had risen (Figures 6a and b) . Circulating granulocyte levels remained low for a week (d28), then rapidly recovered (d32), whereas the return of elevated monocyte levels to baseline levels took more than 12 days (Figures 6a and c) . Recovery from anemia after termination of dox treatment took more than 3 weeks (Figure 6d) . Remarkably, platelets increased to baseline levels within 7 days. Platelet levels continued to increase after reaching the baseline level, and were elevated sevenfold, 4 days after reaching baseline (rebound thrombocytosis). Subsequently, platelet levels returned to slightly above baseline levels (45 weeks after dox termination). Return of the mean platelet volume to baseline levels took more than 3 weeks (Figure 6e ). Large platelet aggregates were present in peripheral blood smears during rebound thrombocytosis (Figure 6f) . We intended to determine whether the expanded progenitor and stem cell populations in the bone marrow had returned to normal levels on day 59, when all measured blood parameters had returned to baseline levels or slightly above. Wildtype littermates treated with dox (d1-d20) in parallel were used as controls. In contrast to peripheral blood values, bone marrow progenitor and stem cell levels did not normalize and remained significantly expanded 39 days after terminating dox treatment (Figure 6g ). Because splenomegaly was prominent in dox-treated shLSD1 mice (Figure 6h ), specific subtyping of expanded progenitors was also carried out for the spleen. Strikingly, expansion of CFU-E progenitors almost entirely accounted for total progenitor expansion in LSD1-kd bone marrow, whereas, MkP and GMP progenitors were expanded in addition to CFU-E progenitors in the spleen (Figure 6i ). These data infer that splenic hematopoiesis significantly contributed to the recovery from thrombocytopenia, granulocytopenia and anemia induced by LSD1 depletion. The prolonged expansion of both bone marrow and splenic erythroid progenitors that we observed implies that reestablishing normal H3K4 methylation after reversing LSD1-kd is a slow process.
LSD1 knockdown leads to the de-repression of Gfi1b in hematopoietic stem and progenitor cells By crossing shLSD1 mice to Gfi1b:GFP knock-in mice, 22 we aimed to demonstrate de-repression of essential hematopoietic regulatory genes in hematopoietic stem and progenitor cells by in vivo LSD1 depletion. Gfi1b is the ideal gene to study this issue, because Gfi1b expression was shown to be negatively controlled by autoregulation via LSD1 in vitro.
11 Gfi1b expression was also shown to be highest in HSCs and megakaryoerythroid progenitors in Gfi1b:GFP mice, and GFP expression directly correlated with Gfi1b expression. 22, 40 We compared GFP expression in bone marrow progenitor cells from dox-treated shLSD1;Gfi1b:GFP and dox-treated littermate Gfi1b:GFP control mice. Strikingly, LSD1-kd abolished the dichotomy of GFP expression reported for Gfi1b-GFP c-kit þ Sca-1 À lin À progenitor cells 22 and resulted in an excessive GFP upregulation. LSD1-kd also induced the appearance of a GFP high population in LSK cells. Similarly, GFP expression also increased in the most immature LSK CD48 À CD150 þ HSC population (Figure 7a ). We also confirmed that GFP expression was amplified in the expanded LSD1-kd MkP and CFU-E populations (Figure 7b ). Gfi1b expression is normally downregulated during terminal erythropoiesis. 22 Thus, downregulation of GFP and the erythroblast immaturity marker, CD44, 34 were expected to proceed in parallel. Remarkably, GFP downregulation proceeded in parallel with decreasing CD44 expression in LSD1-kd erythroblasts, but from a higher level of GFP expression (Figure 7c ). These data demonstrate that loss of LSD1 function in vivo leads to overexpression of the critical hematopoietic regulator, Gfi1b, via de-repression. Taken together, LSD1-kd caused deregulation of critical hematopoietic genes leading to severe alterations in hematopoiesis (Figure 7d ). We excluded that dox alone affected the hematopoietic parameters, analyzed by comparing dox-and control-treated wild-type mice (Supplementary Figure S7 ). Moreover, we demonstrated that the abnormalities described for LSD1-kd mice are intrinsic to the hematopoietic system by transplanting shLSD1 bone marrow into wild-type recipients (Supplementary Figure S8) .
DISCUSSION
Previous in vitro studies suggested an important function for LSD1 in hematopoiesis. 11, 12, 41 A constitutive LSD1-knockout model was embryonic lethal, precluding the analysis of LSD1 function within adult organ systems. 3 To investigate LSD1 function in adult mice, we generated a stable conditional LSD1-kd model (shLSD1), using reversible RNA-interference technology. This LSD1-kd approach does not require tedious breeding strategies and has previously been -CD150 + Figure 6 . Reversion of LSD1 knockdown leads to recovery of peripheral blood abnormalities through sustained extramedullary hematopoiesis.
(a) Peripheral blood parameters were longitudinally analyzed at different time points before (day(d) 0) and after (d21, d28, d32, d44 and d59) dox treatment (d1-d20; n ¼ 8 shLSD1 mice). Peripheral blood count and the parallel evaluation of HSCs (LSK), progenitors (c-kit -dox cessation) . Thrombocytosis was the probable cause of death of n ¼ 2 shLSD1 mice during the blood taking procedure, due to cerebral thromboembolism. Scale bar, 30 mm. (g) On day 59, when all measured blood parameters had reached or exceeded baseline levels, shLSD1 bone marrow progenitor and stem cells (n ¼ 6 mice) were analyzed in comparison to wild-type littermates (wt; n ¼ 3) that received the identical dox treatment (d1-d20). (h) In spite of LSD1-kd reversion (no dox treatment for 39 days), LSD1-kd splenomegaly was still evident (shLSD1 mice, n ¼ 6; wt, n ¼ 3; weight, mean±s.e.m.; P ¼ 0.001). Scale bar, 1 cm. (i) Analysis of hematopoietic progenitors revealed MkP and GMP numbers in the bone marrow from shLSD1 mice close to the those of wild-type controls. However, CFU-E numbers in both bone marrow and spleen and MkP and GMP numbers in only the spleen were significantly increased. *Po0.05; **Po0.01; ***Po0.001.
LSD1/KDM1A knockdown disrupts normal hematopoiesis A Sprü ssel et al used to establish efficient loss-of-function models. [19] [20] [21] This system offers two primary advantages: (1) the knockdown can be rescued at an arbitrary time point and (2) this system presumably models pharmacological inhibition more closely than genetic mutagenesis. This is particularly relevant, because previous studies established LSD1 as a potential drug target for cancer treatment. [13] [14] [15] [16] [17] [18] 42 Continuous dox treatment of shLSD1 mice resulted in dramatic changes within different hematopoietic compartments. Mechanistically, enhanced expression of hematopoietic regulatory genes in these mice is presumably caused by the lack of LSD1 repressive activity at H3K4 residues in the gene promoters. Most strikingly, hematopoietic abnormalities in LSD1-kd mice phenocopied alterations observed in Gfi1 and Gfi1b loss-offunction models. To some extent, this was expected because LSD1 was shown to be a major facilitator of Gfi-mediated transcriptional repression. 11 However, ChIP-on-chip experiments using an erythroid cell line showed that only 21% of LSD1 transcriptional targets were co-occupied by Gfi1b, 11 indicating that LSD1 probably regulates a number other targets independently of Gfi1b. This same study also reported that LSD1-kd in hematopoietic cell lines inhibited erythroid differentiation, which is in concordance with the deficiency, we observed in terminal erythroid differentiation in LSD1-kd mice. The inhibition of megakaryocytic differentiation induced by LSD1-kd in vitro only partially reflects our in vivo findings because LSD1-kd inhibited gpIIb/CD41 expression in the megakaryoblastic cell line, L8057, whereas we detected normal gpIIb/CD41 expression by murine LSD1-kd megakaryocytes. Saleque et al. described enhanced granulocytic differentiation after in vitro LSD1-kd, 11 which contrasts our finding of almost completely abolished terminal granulopoiesis upon in vivo LSD1-kd. Intriguingly, a hallmark of Gfi1-null mice is inhibited granulocytic differentiation together with enhanced monocytic differentiation. 43 Gfi1-null mice further display myeloid progenitor expansion associated with Hoxa9 overexpression, 28 similar to our LSD1-kd model. As Gfi1 and LSD1 are known to directly interact 11 and LSD1-kd mice mirror myeloid abnormalities of Gfi1-deficient mice, LSD1 presumably represents a key mediator of Gfi1 function in myelopoiesis.
It was shown that Gfi1 and Gfi1b are both negative regulators of HSC proliferation. 43 However, Gfi1-deficient HSCs displayed impaired self-renewal capacity in competitive repopulation assays whereas the self-renewal of Gfi1b-deficient HSCs remained unaltered. 40 Interestingly, conditional deletion of Gfi1b resulted in expanded phenotypic HSCs, which parallels our findings in LSD1-kd mice. We observed decreased G 0 and increased G 1 cell cycle fractions within LSD1-kd HSCs. However, in consideration of increased HSC numbers, we show that the absolute number of dormant G 0 HSCs in LSD1-kd bone marrow remained unaffected. Maybe LSD1 is not expressed in these dormant cells containing the majority of stem cell activity within the murine bone marrow. 24 The quiescent G 0 HSC compartment of Gfi1b-deficient HSCs was not directly assayed, but in competitive repopulation assays, the multilineage-repopulation capacity of Gfi1b-deficent HSCs was comparable to controls. 40 This suggests that neither the loss of Gfi1b nor LSD1 function expands the dormant long-term repopulating HSC compartment. In contrast, we show HSC and progenitor compartments hierarchically downstream to be dramatically increased in LSD1-kd mice. Detailed data regarding adult progenitor compartments in the Gfi1b loss-of-function context have not yet been published. Nevertheless, the severe thrombocytopenia and anemia of Gfi1b-null mice 40 reflect our findings in LSD1-kd mice. Also in concordance with our findings in adult LSD1-kd mice, analysis of the constitutive Gfi1b-null embryos revealed that Gfi1b is a key regulator of megakaryopoiesis and definitive erythropoiesis. 27 Taken together, these remarkable similarities between the Gfi1b-null and LSD1-kd phenotypes imply that LSD1 cooperates with Gfi1b in vivo to control stem/progenitors, megakaryo-and erythropoiesis.
Here, we demonstrated that LSD1-kd dramatically potentiates the size of lineage-committed progenitor compartments. This particularly applied to the erythroid and megakaryocytic progenitors. This expansion is probably at least partly driven by the effort to counteract the LSD1-kd terminal differentiation defect (for example, by elevating erythropoietin levels). However, the rapidity and extent of progenitor expansion suggest that LSD1-kd has a cell-intrinsic impact on progenitor pool size. To confirm that LSD1 deficiency is associated with deregulated expression of key genes, we crossed shLSD1 and Gfi1b:GFP mice, allowing us to directly trace Gfi1b expression within specific populations. Negative autoregulation of Gfi1b was shown to be mediated by LSD1 and associated with an altered H3K4 methylation status in vitro.
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Strikingly, Gfi1b expression was deregulated in the entire LSD1-kd c-kit þ Sca-1 À lin À progenitor compartment. Enforced expression of a Gfi1b mutant lacking its LSD1-binding SNAG domain enhanced early erythoid progenitor proliferation, 11, 44 implying that elevated Gfi1b expression might well be responsible for the expanded erythroid progenitor compartment in LSD1-kd mice.
Two recent studies used pharmacologic inhibitors to validate LSD1 as a target for AML therapy. 17, 18 Schenk et al. 17 used the approved antidepressant drug tranylcypromin (TCP) while Harris et al. 18 used recently developed, more potent and more LSD1-specific TCP analogs. Inhibition of LSD1 enzymatic activity by the novel TCP analogs was up to 160-fold greater than the inhibition by TCP. In line with these pharmacologic data, Harris et al. 18 noted that leukemic mice treated with the novel TCP analogs were anemic and thrombocytopenic whereas Schenk et al. 17 treating human AML xenografted mice with TCP did not report the occurrence of hematologic side effects. We observed anemia and thrombocytopenia in our LSD1-kd model. Therefore, the LSD1 activity decline in our transgenic RNA interference model is probably stronger than the decline of LSD1 activity achieved with TCP and might be more comparable to that achieved by potent LSD1 inhibitors. This notion is further supported by the repressed in vitro erythroid colony formation induced by the potent TCP analogs. 18 However, in contrast to our findings granulomonocytic colony formation was reported to be unaltered by TCP analog exposure. Perhaps a monocytic lineage bias of granulomonocytic colonies was overseen because morphological or immunophenotypic colony analyses on the cellular level were not performed. 18 Our data demonstrate that in normal development, LSD1 restrains progenitor proliferation and is required to foster differentiation presumably by repressing genes not affiliated with the respective lineage. The LSD1 depletion-induced progenitor hyperplasia associated with dysplastic morphological alterations and peripheral multi-lineage cytopenia is reminiscent of myelodysplastic syndrome (MDS). To our knowledge, LSD1 mutations or altered expression levels have not yet been reported in MDS patients. It will be interesting to investigate whether MDS Figure 7 . LSD1 knockdown causes deregulated activity of the Gfi1b locus in hematopoietic progenitors and stem cells. GFP expression of (a) stem and progenitor and (b) MkP, phenotypic CFU-E and (c) Ter119
þ populations was analyzed in dox-treated (15 days) shLSD1;Gfi1b:GFP mice (n ¼ 4) in comparison to dox-treated control Gfi1b:GFP mice (n ¼ 4). Numbers displayed on plots represent median fluorescence intensity values (±s.e.m.). (d) Schematic drawing summarizing the impact of conditional LSD1-kd on hematopoiesis. LSD1-kd resulted in disturbed expression of crucial hematopoietic regulatory genes associated with a striking stem/progenitor expansion. However, quiescent long-term repopulating HSCs remained unaltered. Immature as well as lineage-restricted progenitors contributed to the expansion. With the exception of monopoiesis, terminal differentiation of the granulocytic, megakaryocytic and erythroid lineages were severely perturbed. Arrows with solid lines, precursorproduct relationship; Arrows with dashed lines, egress of cells into the peripheral blood. MPP, multipotent progenitors; MDP, monocytic/dendritic progenitors; mono, monocytes; PreMegE, pre-megakaryoerythroid progenitors; PreCFU-E, pre-erythroid colony-forming unit progenitors; ProE, proerythroblasts; Mk, megakaryocytes; EPO, erythropoietin; TPO, thrombopoetin; gran., granulocytes; basoph. E, basophilic erythroblasts; polychr., polychromatic; orth.chr., orthochromatic; reti, reticulocytes; ery, erythrocytes; plt, platelets. *Po0.05; **Po0.01; ***Po0.001. LSD1/KDM1A knockdown disrupts normal hematopoiesis A Sprü ssel et al pathogenesis is associated with LSD1 abnormalities in future studies. Decreased LSD1 activity might be involved in early leukemogenesis because LSD1 depletion resulted in myeloid progenitor expansion by deregulating HoxA9 and Meis1. However, two recent reports identify enhanced LSD1 function in AML as an important component of the malignant leukemic program. 17, 18 Thus, a shift from low-to-high LSD1 expression might occur during the transition of MDS to overt AML. LSD1 likely contributes to the malignant phenotype of AML cells by mediating aberrant gene repression 17 or by maintaining the oncogenic program by cooperating with oncogenic fusion proteins such as mixed-lineage leukemia-AF9. 18 Strikingly, LSD1-inhibitor treatment facilitated leukemic blast differentiation with subsequent apoptosis. 17, 18 As our results indicate that stronger pharmacological LSD1 inhibition is likely to cause severe hematological toxicity, beneficial therapeutic effects of LSD1 inhibitors will have to be balanced against hematologically toxic effects. Finally, we showed that LSD1-kd led to peripheral blood HSC mobilization suggesting that LSD1 inhibitors could represent an alternative option for patients with suboptimal HSC mobilization, using classical mobilizing agents.
In summary, the newly established shLSD1 mouse model and the dramatic hematopoietic sequelae of LSD1-kd reported here warrant further studies of LSD1 function in both normal hematopoieis and in hematological malignancies.
